Abstract. Image cytometric study of pathological specimens or cell lines has suggested that epigenetic mechanisms are likely to play a major role in determining chromatin patterns evaluable through nuclear texture analysis. We previously reported that nuclear textural changes observed in the OV1-VCR etoposide-resistant ovarian carcinoma cell line were associated with an increased acetylated histone H4 level. In this study we analyzed the effects of treatments with the HDAC inhibitor trichostatin A (TSA) or with nickel subsulfide on histone H4 acetylation, nuclear texture, and MDR1 gene expression in drug-sensitive IGROV1 and drug-resistant OV1-VCR cell lines. In IGROV1 cells, TSA induced an increase in acetylated H4 level associated with a chromatin textural decondensation and an increase in MDR1 gene expression. In OV1-VCR cells, a similar increase in H4 acetylation was observed, but nuclear texture or MDR1 gene expression remained unchanged. ChIP analysis revealed that MDR1 gene expression remained stable in TSA-treated OV1-VCR cells despite a localized increase in H4 acetylation at the promoter level. Analysis of the methylation status of MDR1 promoter showed an increase in DNA methylation at 3 specific sites in OV1-VCR cells, that could participate to TSA low responsiveness in these cells. Treatment with nickel subsulfide induced a decrease in H4 acetylation without any effect on nuclear texture characteristics in both cell lines. In OV1-VCR cells, nickel subsulfide induced a significant down-regulation of the MDR1 gene expression. These results indicate that modulation of histone H4 acetylation level can be associated with up-or down-regulation of the MDR1 gene in OV1 cells. However, this modulation does not always result in chromatin pattern alterations and these data emphasize the complexity of chromatin texture regulation in tumor cells.
Introduction
Texture analysis of chromatin by image cytometry is an approach that may be used in the development and refinement of diagnoses as well as in the prognosis and the follow-up of cancer (1) . This texture, which accounts for the condensation and the distribution of chromatin within the whole nucleus, has provided useful information in the diagnoses and prognoses of various tumor types (2) , including ovarian carcinomas (3) (4) (5) . Concerning therapeutic implications, we and others showed previously significant texture alterations in drug-resistant cell lines (6, 7) . Particularly, cells overexpressing the efflux pump P-gp encoded by the MDR1 (ABCB1) gene displayed specific chromatin higher order organization changes (chromatin decondensation, modified organization of chromatin clumps, increased chromatin accessibility) (6, 8) . This higher order organization is regulated by epigenetic mechanisms as histone acetylation modulation, that could therefore influence nuclear texture measurements (9, 10) . Previous studies indicated that a treatment with the histone deacetylase inhibitor TSA led to an increase in histone acetylation level that could be partly correlated to some textural changes in the chromatin of small cell lung carcinoma (SCLC) tumor cells (11) . However, the consequences on drug-resistance of these cells appear relatively complex and the effect of histone deacetylation was not evaluated. Water-insoluble nickel compounds (nickel sulfide Ni 3 S 6 and subsulfide Ni 3 S 2 ) have been found to induce gene silencing through the induction of histone H4 hypoacetylation, together with histone H3K9 dimethylation, DNA methylation, and chromatin condensation (12) (13) (14) (15) (16) . Further studies showed that nickel inhibits the H4 acetylation through binding with the N-terminal histidine-18, close to the lysine residues required for acetylation (12, 17) .
The purpose of this study was to evaluate whether modulation of histone acetylation level by TSA or nickel could Cells. The human ovarian adenocarcinoma cell line IGROV1 and its multidrug-resistant variant OV1/VCR selected with vincristine were provided by Dr J. Bénard (Institut Gustave Roussy, Villejuif, France). The two cell lines were grown as previously reported (8) . The OV1/VCR cell index of resistance against vincristine is around 700 (18) . Cells were allowed to attach for at least 24 h before treatments. The control cultures were treated with vehicle alone.
Image cytometry. Cells were cultured in lab-tek chambered (4 cm 2 ) slides (Nunc, Naperville, USA). Cells were air-dried, fixed, and stained by the Feulgen method as previously described (6) . Image cytometry was performed with an image analysis system (SAMBA 2005, Samba Technologies, Meylan, France) as reported (8) . At least 200 cells were analyzed on each microscopic slide and 3 separate experiments were performed. Percentages of cells in the different cell cycle phases were computed on the basis of their DNA-integrated optical density and G 0 -G 1 nuclei were extracted as reported (6) . Nine textural features were calculated on these G 0 /G 1 nuclear images after reduction to 16 gray levels by linear rescaling. Four features were calculated on the gray-levels co-occurrence matrix: local mean of gray levels (LM), energy (E), entropy (ENT), and inertia (I). Five parameters were calculated on the run-length matrix: short run-length emphasis (SRE), long run-length emphasis (LRE), gray level distribution (GLD), run-length distribution (RLD), and runlength percentage (RPC) (19, 20) .
The distribution, means, and SD of the nuclear parameters were calculated for each cell population. Differences between groups were analyzed by discriminant analysis completed by a canonical analysis. This feature-reduction technique derives canonical variables (CVs), which are linear combinations of the independent quantitative variables. Usually, the first CV is the most important, in that it shows the highest variation among the groups. Significance of the differences between parameters and CV values was estimated by Student's t-test after Bonferonni correction for multiple groups and variables.
RT/PCR analysis. Total cellular RNA was prepared using the guanidine isothiocyanate/acid/phenol method (Tri Reagent: Sigma Chemical Co., St. Louis, MO, USA). MDR1 and ß2-microglobulin (ß2m) transcripts were analyzed by semiquantitative reverse-transcription polymerase-chain-reaction (RT/PCR) as reported previously (8) . The ß2m gene was used as an internal control.
Immunoblotting of histones. Histones were isolated and analyzed as previously described (8) . Briefly, equal amounts of acid extracted histones were analyzed on an SDS-18% polyacrylamide gel and transferred onto Immobilon-P membranes (Millipore, Saint Quentin-en-Yvelines, France). Membranes were probed overnight at 4˚C with specific primary antibody (Upstate Biotechnology, Lake Placid, NY, USA) against acetylated histone H4 (diluted 1:2000). Proteins were visualized using a peroxidase-conjugated anti-rabbit secondary antibody (Amersham Life Science, UK) at 1:10000, and the ECL detection kit (Amersham).
Chromatin immunoprecipitation (ChIP) assay. Chromatin immunoprecipitation was performed using a ChIP assay kit (Upstate Biotechnology) according to the manufacturer's protocol. In brief, IGROV1 and OV1/VCR cells were grown to 80% confluency in 10-cm dishes (1.5x10 5 cells/ml) and treated or not with TSA (100 ng/ml). After 12-h incubation, chromatin was cross linked with 1% formaldehyde. Cells were washed twice with PBS containing protease inhibitor cocktail (Roche Molecular Biochemicals, Basel, Switzerland), scraped, and resuspended in SDS-lysis buffer. Samples were sonicated, sheared chromatin was centrifuged for 10 min at 13,000 rpm at 4˚C, and supernatants were diluted 10-fold in ChIP dilution buffer containing protease inhibitors as above. As input controls during the PCR, 3% of each diluted supernatant was retained at this step. Sheared chromatin was precleared with 80 μl of Salmon Sperm DNA/Protein A agarose for 30 min at 4˚C with agitation. Beads were pelleted and supernatants were immunoprecipitated overnight with antiacetylated histone H4 antibody (Upstate Biotechnology). Immunoprecipitated DNA (both immunoprecipitation samples and inputs) was recovered by phenol/chlorophorm extraction and ethanol precipitation, and analyzed by PCR. GAPDH was used as control. Primer sequences used were as follows: MDR1 (GenBank accession no. L07624) promoter: 5'-CATC CTCAGACTATGCAGTA-3' (forward), 5'-GCTAACTCAC ATCAGAGCTT-3' (reverse); GAPDH proximal promoter: 5'-GTGCGTGCCCAGTTGAACCA-3' (forward), 5'-CGGCT GACTGTCGAACAGGA-3' (reverse). After an initial incubation step for 5 min at 95˚C, 30 PCR cycles were performed. The cycling conditions consisted of denaturation at 95˚C for 50 sec, annealing for 50 sec at 58˚C for MDR1 promoter or 60˚C for GAPDH promoter and 72˚C for 50 sec, and one cycle at 72˚C for 10 min. PCR aliquots (10 μl) were subjected to electrophoresis on 2% agarose gel stained with ethidium bromide.
Methylation-specific PCR. Genomic DNA was isolated using a NucleoSpin Tissue kit (Macherey-Nagel, France), denaturated in 0.3 mol/l NaOH, and incubated with 0.5 mM hydroquinone and 3.1 mol/l sodium bisulfite (pH 5.0) for 16 h at 50˚C. DNA was precipitated with ammonium acetate and ethanol, washed with 70% ethanol, and resuspended in distilled water. The bisulfite-modified DNA samples were amplified by primers specific for both methylated and unmethylated sequences of the -50GC and -110GC boxes of the MDR1 promoter. The primer sequences (Sigma-Proligo, Paris, France) were as follows: -50GC box, methylated 5'-GTTGGGTAGGAATAG CGTC-3' (forward) and 5'-CCTCAAAAAACCCTTCTCC-3' (reverse); unmethylated 5'-TAGGAATAGTGTTGGGGTG-3' (forward) and 5'-CCTCAAAAAACCCTTCTCC-3' (reverse); -110GC box, methylated 5'-TATTTAGTTAATTCGGGTCG-3' (forward) and 5'-CCTCAAAAAACCCTTCTCC-3' (reverse); unmethylated 5'-TTTAGTTAATTTGGGTTGGG-3' (forward) and 5'-CCTCAAAAAACCCTTCTCC-3' (reverse). DNA amounts were controlled using a primer set designed to amplify both methylated and unmethylated sequences of the region including -50GC and -110GC boxes: 5'-GGTGATAT AGAATTGGAGAGG-3' (forward) and 5'-CCTCAAAAAA CCCTTCTCC-3' (reverse). PCR products were analyzed in 2% agarose gel stained with ethidium bromide.
Combined bisulfite restriction analysis (COBRA).
Bisulfite modified genomic DNA was amplified by PCR. Primers designed for the bisulfite modified sequence of the Inr region (-20 to +172) of the MDR1 promoter were: 5'-GTTATAGGA AGTTTGAGTTT-3' (forward) and 5'-AAAAACTATCCCA TAATAAC-3' (reverse) (Sigma-Proligo). Purified PCR products (192 bp) were digested with restriction enzyme TaqI (Invitrogen, Cergy, France), which recognizes the TCGA sequence unique to the methylated and bisulfite-converted DNA of the methylated alleles of the Inr site. DNA samples were precipitated and electrophoresed in 2.5% agarose gel stained with ethidium bromide. The intensity of methylated alleles was calculated by densitometry using a Typhoon 9210 scanner and Image Quant analysis software (Amersham Biosciences).
Results
In order to investigate the relationships between nuclear texture, histone acetylation, and MDR1 gene expression, drug-sensitive IGROV1 and drug-resistant OV1-VCR cells were exposed or not to the HDAC inhibitor TSA (100 ng/ml) and to nickel subsulfide (1 μg/cm 2 ) for up to 24 h. These concentrations were reported as optimal for induction of histone modifications without significant toxicity.
Nuclear texture analysis was performed and the values of the 9 textural features were estimated in G 0 /G 1 cells. The data obtained were submitted to a discriminant analysis combined to a canonical analysis. The values of the first canonical variable (CV1) which explains 53% of the variance between the groups appear in Fig. 1 . As previously reported, OV1-VCR cells displayed very significantly different nuclear texture characteristics, as compared to IGROV1 drugsensitive cells (8) . In the same way, when IGROV1 cells were treated with TSA, their chromatin texture showed significant alterations. The specific weight of the different computed parameters in the CV1 calculation is shown in Table I . The parameters have been ranked by weight absolute values and a minus sign implies a negative contribution to CV1 computation for the corresponding parameter. Analysis of Fig. 1 and Table I shows that TSA-treated IGROV1 cells displayed a chromatin decondensation (decrease of ENT, RPC, and I), with a less compact chromatin distribution (increase in E), and the appearance of a more homogeneous texture (increases in SRE, GLD, and LRE). On the contrary, IGROV1 cells treated with Ni 3 S 2 did not display chromatin changes as measured by image cytometry. Similarly, OV1-VCR cells treated with TSA or Ni 3 S 2 presented unaltered nuclear texture characteristics as compared to control untreated cells.
In order to investigate if the level of histone H4 acetylation could play some role in these chromatin structural changes observed in IGROV1 drug-sensitive cells, this expression was analyzed by immunoblotting using anti-acetylated H4 antibody. As previously reported (8), OV1-VCR cells displayed a significant increased level of acetylated histone H4. TSA treatment for 24 h induced a marked increase in H4 acetylation both in IGROV1 and OV1-VCR cells. On the contrary, Ni 3 S 2 treatment decreased this H4 acetylation level in the two sublines (Fig. 2) .
As histone post translational modifications, and particularly histone acetylation, have been shown to play an important Table I . Specific weight values of textural parameters in the computation of the first canonical variable. 
-------------------------------------------------Parameter a Specific weight in CV1 computation (a.u.) -------------------------------------------------

.76 -------------------------------------------------
a Features were ranked according to their absolute weight value. To further analyze the differences in MDR1 gene response to TSA despite the similar global nuclear H4 acetylation level increases observed in IGROV1 and OV1-VCR cells, we performed ChIP assays to determine H4 acetylation changes within the MDR1 promoter. After 12-h treatment with TSA, H4 acetylation increased at the MDR1 promoter level, both in drug-sensitive and -resistant cells (2-and 3.5-fold increases, respectively). On the contrary, the H4 acetylation levels at the promoter of the HDAC insensitive GAPDH gene remained unchanged (Fig. 4) .
------------------------------------------------
As it has been reported that TSA effect on MDR1 gene expression could be related to the methylation status of the gene promoter, we analyzed, by methylation-specific PCR, the methylation status of 2 specific GC boxes (-50 and -110GC boxes) in the MDR1 gene promoter. The results obtained in IGROV1 and OV1-VCR cells were compared to those from hypermethylated (MCF7) or hypomethylated (peripheral blood mononuclear cells, PBMC) controls. -50 and -110GC boxes appear hypomethylated in IGROV1 cells (Fig. 5A,  lanes 2) . On the contrary, a higher level of methylation of these 2 GC boxes was observed in OV1-VCR cells (Fig. 5A,  lanes 3) , with a more marked increase at the -110GC box level. This was confirmed by the COBRA analysis of the Inr sequence where the methylation level in OV1-VCR reached 8.5% vs <0.1% only in IGROV1 cells (Fig. 5B) .
Discussion
Nuclear texture is a reflection of the overall structure of the nuclear chromatin (1,8) . Studies of the differences in nuclear texture features have proved to be useful for the development of treatment protocols or to be effective as markers for cancer screening (1,2) . However, the mechanisms that support modifications in nuclear texture remain to be determined. Changes in chromatin appearance may reflect changes in the activation patterns of genes and epigenetic mechanisms may then play a pivotal role in texture phenotype definition. We showed previously that drug-resistant OV1-VCR cells displayed specific chromatin texture characteristics associated with an increase in histone H4 acetylation level, as compared to their drug-sensitive IGROV1 counterparts (8) . This suggests that histone acetylation could be implicated in texture changes and histone hyperacetylation by HDAC inhibition was accompanied by chromatin textural alterations in SCLC tumor cells (11) . In this work, we compared the effects of an up-or down-regulation of histone H4 acetylation level on nuclear texture and MDR1 gene expression in drug-sensitive IGROV1 and Pg-P positive drug-resistant OV1-VCR cells. Increase in H4 acetylation was induced by the HDAC inhibitor TSA and decrease in H4 acetylation by treatment of cells with waterinsoluble Ni 3 S 2 particles.
IGROV1 cells treated with TSA displayed an increase in acetylated histone H4 level and a chromatin decondensation. Previous reports indicated that TSA could induce interphasic chromatin decondensation through its HDAC inhibitory activity (21, 22) . This increase in histone acetylation seemed not to result in a new distribution of chromosome territories, but rather to modulate their respective condensation levels (23) . HDAC inhibition by TSA would therefore not mainly alter global spatial arrangement of euchromatin and heterochromatin, but rather would increase their compartmentation. The changes we observed in chromatin texture were in accord with these data, as TSA-treated IGROV1 cells displayed simultaneous increases in LRE (appearance of a finer and homogeneous chromatin texture) and SRE (increase in density of chromatin clumps), suggesting a more distinct delimitation of the different chromatin forms. This phenomenon was already observed in OV1-VCR untreated drug-resistant cells which present an increased spontaneous H4 acetylation level (8) .
In these drug-resistant cells, TSA treatment also induced H4 acetylation increase, but unexpectedly did not result in any nuclear texture change. This suggests that H4 acetylation is only one epigenetic phenomenon that could play a role in nuclear texture changes, and other histone post-translational modifications could be implicated as well. Preliminary data on SCLC cells indicate that dimethylation of H3K9, which correlated often with silenced chromatin, was probably not linked to texture (El Khoury, unpublished data). Conversely, H1 and H3 phosphorylation has been associated with chromatin condensation during the mitotic process (24, 25) or after TSA treatment in HT-29 colon carcinoma cell line (26) . Moreover, the transcriptional co-activator p300 with HAT activity increases histone acetylation and modulates nuclear texture through lamin A and C up-regulation, suggesting that these matrix proteins could also mediate nuclear phenotype changes (27) . Interestingly, chromatin texture alterations observed in drug-resistant cells were also associated with nuclear matrix reorganization in CEM cells (28) .
A similar unresponsiveness in TSA-treated OV1-VCR cells was observed at the level of MDR1 gene expression. Significant progress has been reported in the definition of the mechanisms that regulate MDR1 gene expression in tumor cells (29) (30) (31) . Among these, epigenetic phenomena (DNA methylation, histone acetylation) play a major role in this control (32, 33) . TSA treatment provoked MDR1 gene upregulation in IGROV1 cells. This increase in gene expression was associated with a localized H4 acetylation increase at the gene promoter region. A similar global and local H4 acetylation increase was observed in the nucleus and at the MDR1 promoter region of OV1-VCR cells, but did not result in gene up-regulation. It has been proposed that TSA could induce MDR1 gene up-regulation when the gene promoter is hypomethylated, either spontaneously or through pharmacological modulation (34) . Similarly, a synergy between DNA methylation and histone deacetylation was observed where hypermethylated genes cannot be reactivated by TSA (35) . MDR1 gene promoter GC boxes and Inr sequence appeared to be hypomethylated in IGROV1 cells and this supports the fact that TSA alone was able to up-regulate gene expression in these drug-sensitive cells. OV1-VCR cells, which appeared less sensitive to TSA effects, displayed at the MDR1 promoter level an increase in the methylation of the -50GC and -110GC boxes, or of the Inr sequence site. Then, this methylation increase was able to participate in the impairment of TSAinduced gene up-regulation. However, a wider sequence analysis of the promoter is required to confirm the hypermethylation of the promoter CpG sites.
Nickel salts, and particularly water-insoluble Ni 3 S 2 , have been shown to affect chromatin structure and to alter the expression of a surprisingly large number of genes, e.g. thrombospondin, telomer marker, or senescence genes (36) . Inhibition of gene expression has been functionally associated with nickel-mediated deacetylation of histones H3 and H4 (12, 16, 37) . Treatment of IGROV1 and OV1-VCR cells with Ni 3 S 2 resulted in a decrease in histone H4 acetylation level in both cell lines as evaluated by Western blotting. Furthermore, this hypoacetylation was associated with a down-regulation of the MDR1 gene expression in the drug-resistant OV1-VCR cells. This data seemed to confirm the sensitivity of this gene to the epigenetic regulatory machinery (33), although nickelinduced local histone hypoacetylation has to be confirmed at the promoter level. However, treatment of cells with Ni 3 S 2 did not result in significant textural changes, both in IGROV1 and OV1-VCR cells. This data suggests that histone H4 hypoacetylation did not correlate with global chromatin modifications. These results correlate well with a previous report indicating that, during apoptosis pathway induced by sodium butyrate in thymocytes, the histone H4 hypoacetylation was not responsible for the chromatin condensation observed (38) . Furthermore, recent data indicated that nickel ions inhibit gene expression also through an increase in histone H3K9 dimethylation (13), a marker that seems independent of nuclear texture changes in SCLC cells (El-Khoury, unpublished data).
Reports on image cytometric study of pathological specimens or cell lines suggested that epigenetic mechanisms such as histone acetylation were likely to play a major role in determining chromatin pattern (8, 39) . The results presented here confirm that histone acetylation changes in drug-sensitive and -resistant OV1 cells can occur simultaneously with MDR1 gene modulation and can be related to nuclear texture changes in some specific situations. However, regulation of chromatin texture alterations associated with drug-resistance appears to be a highly complex phenomenon. Further study is needed to define genetic and epigenetic mechanisms other than histone acetylation, together with nuclear matrix changes, that are likely to be implicated in this regulation.
